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Buildings  composited  with  thermoelectric  cooling  and  heating  systems  use  solar  energy  to  cool  rooms  in 
summer  and  heat  rooms  in  winter  via  thermoelectric  devices  and  photovoltaic/thermal  (PV/T)  dual  func¬ 
tion  modules.  In  summer,  the  thermoelectric  device  works  as  a  Peltier  cooler  when  electrical  power 
supplied  by  PV/T  modules  is  applied  on  it.  The  cold  side  absorbs  heat  from  indoor  to  decrease  the 
temperature  of  the  room.  In  the  meanwhile,  the  thermal  energy  gained  both  from  the  hot  side  and  PV/ 
T  system  is  collected  to  heat  domestic  water  by  heat  pipes.  In  winter,  the  voltage  applied  on  thermoelec¬ 
tric  device  is  reversed  with  PV/T  modules  being  power  and  heat  source  simultaneously  to  thermoelectric 
device  and  then  thermoelectric  device  could  release  heat  to  increase  the  temperature  of  the  room.  The 
experiments  has  been  done  in  a  model  room  whose  volume  is  0.125  m3,  in  summer  condition,  using  solar 
panel  whose  area  is  0.5  m2.  The  minimum  temperature  1 7  °C  is  achieved,  with  COP  of  the  thermoelectric 
device  higher  than  0.45.  The  temperature  of  water  in  the  storage  tank  with  a  volume  of  18.5  L  has  risen 
about  9  °C.  The  thermal  efficiency  of  the  system  is  12.06%.  This  simple  and  environmentally  friendly  can 
reduce  cooling  and  heating  load  in  room. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Air-conditioner  (AC)  has  become  almost  indispensable  for  every 
family,  but  the  traditional  air-conditioner  has  some  disadvantages 
as  following:  (1 )  Traditional  AC  systems  consume  too  much  energy. 
To  meet  their  demands,  natural  resources  are  burned  to  generate 
electricity,  which  causes  greenhouse  effect  and  to  exacerbate  a 
lot  of  pollution  on  the  earth.  (2)  The  refrigerant  of  traditional  air- 
conditioner,  Freon,  once  leaked,  will  cause  irreversible  damage  to 
the  ozone  sphere  and  make  life  suffer  from  ultraviolet  radiation. 
Hence  buildings  composited  thermoelectric  cooling  and  heating 
systems  are  proposed.  They  use  thermoelectric  devices  for  cooling 
and  heating  and  thus  it  reduces  the  utilization  of  traditional  energy 
source,  without  doing  any  harm  to  the  environment. 

There  are  two  main  applications  of  thermoelectric.  One  is 
electricity  generation  with  waste  energy  and  renewable  energy. 

*  Corresponding  author. 

E-mail  address:  hwei@ustc.edu.cn  (W.  He). 

0306-2619/$  -  see  front  matter  ©  2013  Elsevier  Ltd.  All  rights  reserved. 
http://dx.doi.org/!  0.1 016/j.apenergy. 2013.01 .055 


Rowe  DM,  Min  Gao  have  evaluated  thermoelectric  modules  for 
power  generation  [1],  He  et  al.  have  described  a  solar  heat  pipe 
thermoelectric  generator  (SHP-TEG)  unit  comprising  an  evacuated 
double-skin  glass  tube,  a  finned  heat  pipe  and  a  TEG  module  [2,3], 
Niu,  Yu,  Gou,  Xiao  have  reported  the  experimental  study  on  low- 
temperature  waste  heat  thermoelectric  generator  [4,5]. 

Another  main  application  of  thermoelectric  is  for  cooling.  Now¬ 
adays  there  is  much  more  using  space  in  the  area  of  thermoelectric 
refrigeration,  such  as  the  scientific  equipment  applications,  house¬ 
hold  application,  and  computer  equipment  [6],  as  it  s  no  needing 
working  fluid  and  moving  part.  And  the  cooling  performance  of 
thermoelectric  refrigeration  has  been  experimented  and  simulated 
by  many  researchers  in  different  modes  [7-10],  But  it  is  not  enough 
to  investigate  the  efficiency  of  the  thermoelectric  materials  singly 
[11],  the  widespread  use  of  thermoelectric  refrigeration  is  that  it 
should  be  combined  with  other  devices  to  achieve  a  much  more 
complex  role.  The  thermoelectric  refrigerator  has  been  developed, 
simulated  using  computational  model,  based  on  the  finite  differ¬ 
ence  method  [12],  Chen  et  al.  have  analyzed  the  energy  efficiency 
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Nomenclature 

Q 

heat  flow  (W) 

3 

heat  pipe 

a 

absorptivity  or  Seebeck  coefficient  thermoelectric 

4 

the  heat  exchanger 

materials  (V/K) 

5 

the  storage  tank 

u 

voltage  (V) 

6 

circulation  line 

I 

current  (A) 

7 

the  radiator 

T 

temperature  (°C) 

8 

the  experimental  room 

L 

thickness  (m) 

C 

cold  side  of  a  thermoelectric  module 

a 

conductivity  of  the  thermoelectric  materials  (1/p) 

h 

hot  side  of  a  thermoelectric  module 

s 

area  (m2) 

r 

the  experimental  room 

K 

thermal  conductivity  (W/m  I<) 

t 

thermoelement 

A 

contact  area  (m2) 

s 

thermoelectric  device 

R 

thermal  resistance  (K/W) 

fin 

fin  of  the  radiator 

R' 

thermal  contact  resistance  (K/W) 

evn 

environment 

R" 

contact  resistance  coefficient  (m2K/W) 

fan 

fan 

Y 

perimeter  of  radiator  (m) 

pipe 

heat  pipe 

u 

speed  of  wind  (m/s) 

Wj 

water  in  the  heat  exchanger 

b 

length  of  radiator  (m) 

w2 

water  in  the  storage  tank 

P 

power  (W) 

w3 

water  in  the  experimental  room 

r 

radius  of  heat  pipe  m 

total 

total 

d 

width  of  copper  (m) 

pump 

pump 

Cp 

heat  capacity  (kj/(kg  k)) 

solar 

solar  cell 

M 

quality  (kg) 

tank 

storage  tank 

AT 

temperature  variation  of  water  (°C) 

air 

air  in  the  experimental  room 

wsolar 

solar  irradiance  (W/m2) 

heat-rc 

cold  side  of  thermoelectric  device  and  experimental 

Ve 

electrical  efficiency  of  the  system 

room 

hpump 

efficiency  of  the  pump 

heat-re 

environment  and  experimental  room 

It 

thermal  efficiency  of  the  system 

heat-cp 

thermoelectric  device  and  heat  pipe 

»7pv 

theory  electrical  efficiency  of  solar  cells 

heat-ip 

heat  pipe  and  heat  exchanger 

number 

loss-i.e. 

heat  exchanger  and  environment 

% 

interval  time  of  data  collection 

loss-te 

storage  tank  and  environment 

loss-ce 

circulation  line  and  environment 

Subscripts 

1 

ceramic  shell  of  thermoelectric  device 

2 

copper  plate 

of  thermoelectric  power  cycle  to  today’s  CHP  systems  and  its 
impact  on  the  application  [13].  Chen  et  al.  have  studied  a  model 
of  thermoelectric  generator-driven  thermoelectric  refrigerator  with 
external  heat  transfer  [14],  It  described  how  to  allocate  heat  trans¬ 
fer  surface  area  of  four  heat  exchangers  to  maximize  the  cooling 
load  and  the  coefficient  of  performance  (COP)  of  the  combined 
thermoelectric  refrigerator  device.  And  they  also  have  reported 
the  extreme  worldng  temperature  differences  of  combined  thermo¬ 
electric  devices,  using  non-equilibrium  thermodynamics  [15]  and 
the  performance  prediction  and  irreversibility  analysis  of  a  thermo¬ 
electric  refrigerator  with  finned  heat  exchanger  [16], 

The  research  of  thermoelectric  device  combined  with  the  solar 
energy  is  expanding  [17],  The  solar  energy  is  convenient,  environ¬ 
mental  protection  and  inexhaustible.  Solar  energy  collection 
technology  has  been  applied  to  certain  extent,  but  solar  cooling 
technique  has  not  been  well  developed.  Currently,  the  main  tech¬ 
nologies  in  the  area  of  solar  air-conditioning  in  building  are  solar 
absorption  cooling,  solar  jet  cooling,  solar  liquid-descanting  cooling, 
and  solar-driven  thermoelectric  cooling.  In  the  past  years,  a  lot  of 
work  has  been  reported  on  thermoelectric  cooling.  Dai  et  al.  under¬ 
took  the  research  on  a  thermoelectric  device  driven  by  solar  cells 
[18],  Van  Sark  reported  the  performance  of  the  thermoelectric 
hybrid  modules  [19],  Hara  researched  a  solar  cell  driven  thermo¬ 
electric  cooling  prototype  headgear  for  outside  personal  cooling 
[20].  Atta  studied  solar  water  condensation  by  using  thermoelectric 
coolers  [21  ].  Their  research  on  solar  thermoelectric  cooling  has  pro¬ 
vided  a  wealth  of  valuable  data  and  analysis. 


The  main  significance  of  this  design  of  this  paper  is  to  study  the 
building  integrated  solar  photovoltaic/thermal  (BIPV/T)  technology 
in  the  application  of  low-carbon  buildings.  Compared  with  the 
thermoelectric  refrigerator,  the  system  can  cool  the  room  with 
cooling  mode  of  thermoelectric  powered  by  PV/T  modules,  get 
hot  water  using  heat  pipes  and  PV/T  modules  in  summer,  and  in 
winter,  heat  the  room  with  heating  mode  of  thermoelectric,  PV/T 
modules  being  power  and  heat  source  simultaneously.  The 
energy-saving  system  is  acoustically  silent  and  environmentally 
friendly.  Thus,  it  can  be  applied  in  a  vast  area. 


2.  The  system  working  principle 

The  following  diagram  (Fig.  1)  shows  the  system’s  working 
structure  in  summer.  The  bottom  of  a  heat  pipe  (1)  is  welded  on 
the  back  of  solar  cells,  while  the  top  is  inserted  in  the  heat  exchan¬ 
ger.  The  bottom  of  thermoelectric  device  in  the  experimental  room 
is  connected  to  radiator  whose  material  is  aluminum,  and  the  top 
is  connected  to  the  evaporator  end  of  heat  pipe  (2)  whose  con¬ 
denser  end  is  inserted  into  the  outside  heat  exchanger.  On  one 
hand,  the  photovoltaic/thermal  (PV/T)  system  transports  the  heat 
gotten  from  the  sunlight  into  the  heat  exchanger  through  heat 
pipes  (1);  on  the  other  hand,  when  the  thermoelectric  device  is 
powered  by  PV/T  system,  its  cold  side  absorbs  heat  and  the  hot  side 
releases  a  lot  of  heat  which  will  be  transported  into  the  heat 
exchanger  by  heat  pipe  (2).  And  the  heat  exchanger  is  linked  to  a 
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storage  tank  through  a  circulating  pump  which  can  transport  heat 
between  them.  The  fan  and  radiator  which  are  tied  to  the  cold  side 
will  discharge  cold  more  efficiently,  which  causes  the  temperature 
of  experimental  room  drop  quickly. 


3.  Mathematical  models 


a  groove  whose  shape  is  as  the  same  as  the  heat  pipe  on  the  other 
side  of  copper  plate.  The  evaporator  end  of  heat  pipe  is  embedded 
into  the  groove  to  enlarge  the  contact  area,  and  the  condenser  end 
is  inserted  into  the  heat  exchanger,  thus,  the  heat  can  spread  into 
the  water  quickly.  The  heat  exchanger  is  connected  to  the  storage 
tank  by  a  circulating  pump  that  can  transfer  heat  quickly  between 
them. 


Many  tests  have  been  taken  on  the  performance  of  heat  pipe 
PV/T  system.  Pei  et  al.  [22]  have  investigated  the  simulation  and 
experimental  study  on  the  heat  pipe  PV/T  system.  He  et  al.  [23] 
have  reported  the  study  of  comparative  experiment  on  photovol¬ 
taic  and  thermal  solar  system.  Both  of  them  have  done  a  specific 
analysis  on  its  electrical  efficiency  and  thermal  efficiency.  There¬ 
fore  we  only  use  a  single  solar  cell  to  test  the  capacity  of  the  ther¬ 
moelectric  device  in  this  experiment. 

The  system  consists  of  solar  cells,  experimental  room  which  is 
installed  with  thermoelectric  device,  heat  exchanger  and  storage 
tank.  As  shown  in  Fig.  2. 

The  experimental  room  is  combined  with  foam  box  whose  vol¬ 
ume  is  0.125  m3,  thermoelectric  devices,  radiators  and  heat  pipes. 
The  cold  side  of  thermoelectric  device  is  bonded  to  the  radiator 
tightly  by  silicon  grease,  and  the  hot  side  is  bonded  to  a  copper 
plate  by  silicon  grease  which  can  enhance  heat  transfer.  There  is 


heating  system  driven  by  solar. 


3.1.  The  cold  and  hot  side  of  the  thermoelectric  device 


3.1.1.  The  heat  balance  of  the  cold  side  of  thermoelectric  device 
may  be  given  by  [24]: 

ec.„,[«,,r,-|-2«ypaj  („ 

3.1.2.  The  heat  balance  equation  of  the  hot  side  [24]: 

_  [  1%  2StKt(Th  -  Tc)l 

Qh  =  nt  odtTh  +  g-^-nLf - J-\  (2) 


where  Qc  is  the  heat  absorption  of  cold  side  of  thermoelectric  device, 
Qh  is  the  heat  that  the  hot  side  of  thermoelectric  device  has 
released,  a  is  the  Seebeck  coefficient  of  thermoelectric  materials 
(p-type  and  n-type  assumed  to  be  same),  lt  is  the  current.  St  and 
Lt  are  the  cross-section  area  and  length  of  thermoelement,  respec¬ 
tively,  a  and  Kt  are  the  conductivity  and  thermal  conductivity  of 
the  thermoelectric  materials,  nt  is  the  number  of  thermoelements, 
Tc  and  T/,  are  the  temperature  of  cold  side  and  hot  side  of  thermo¬ 
electric  device. 


3.2.  The  experimental  room 


3.2.1.  The  heat  balance  between  the  cold  side  of  thermoelectric 
device  and  experimental  room  is  expressed  as: 


Q-he 


Tc-Tr 
Rt  +  R\,  +  R7 


(3) 


where  Qheat-rc  is  the  heat  transfer  between  the  cold  side  of  thermo¬ 
electric  device  and  the  experimental  room,  and  Tr  is  the  tempera¬ 
ture  of  the  experimental  room.  R,  is  the  thermal  resistance  of 
ceramic  shell  of  thermoelectric  device,  given  by: 


Ri 


_Li_ 

KiSi 


(4) 
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where  Ii  is  the  thickness  of  ceramic,  Kj  is  the  thermal  conductivity 
of  the  ceramics,  Si  is  the  area  of  ceramic.  In  this  case,  Ii  is  0.5  mm, 
Kj  equals  to  3.98  W/(m  K),  Si  isl6  cm. 

R'17  is  the  thermal  contact  resistance  between  the  thermoelec¬ 
tric  device  and  radiator,  expressed  as: 


where  R'12  is  the  contact  resistance  coefficient  ceramic  and  copper 
which  is  3  x  10  5m2  K/W,  AV1  is  the  contact  area  which  is  16  cm2, 
R23  is  the  contact  resistance  coefficient  between  copper  and  heat 
pipes  which  is  2  x  10  5m2  K/W,  A-a  is  the  contact  area  which  is 
10  cm2. 

3.4.  The  heat  exchanger 


where  R"7  is  the  thermal  contact  resistance  coefficient  between  the 
ceramics  and  aluminum  which  is  4  x  10  sm2  K/W,  A\7  is  the  con¬ 
tact  area  which  is  16  cm2. 

R7  is  the  thermal  resistance  of  the  radiator,  calculated  by  the  fol¬ 
lowing  equation  [25]: 


3.4.1.  The  heat  balance  between  heat  pipe  and  heat  exchanger 
can  be  calculated  by: 

Qiieat-ip  “  K2S3  Tplpej-  Twi  (14) 


1  1-0.152  (Ufa)"" 

1  A6K7L7bnr,„  ' 


(6) 


where  b  is  the  length  of  radiator,  Y  is  the  perimeter  of  radiator,  L7  is 
the  thickness  of  fin,  nfi„  is  the  number  of  the  fins,  u  is  the  speed  of 
wind,  K7  is  the  thermal  conductivity  of  the  aluminum  which  is 
240  W/(m  K). 

3.2.2.  The  heat  balance  between  the  environment  and  experi¬ 
mental  room  may  be  calculated  by  the  following  equation: 


Qkearre  =  KgSg  (7) 

where  Qheat-re  is  the  heat  transferred  between  the  environment  and 
experimental  room,  Kg  is  the  thermal  conductivity  of  the  foam 
board  which  is  0.05  W/(m  K),  Tcvn  is  the  temperature  of  environ¬ 
ment,  Sg  is  the  area  of  foam  board  which  is  1.5  m2,  Ls  is  the  thick¬ 
ness  of  foam  board  which  is  15  cm. 

3.2.3.  The  equation  of  fan  is  provided  by: 

Pfan  =  UfaJfan  (8) 

where  P/an  is  the  power  of  fan,  Ufan  is  the  voltage  of  fan,  Ifan  stands 
for  the  current. 


3.3.  The  heat  balance  between  the  thermoelectric  device  and  heat  pipe 
is  expressed  as 


Ri  #&+*+%+% 


(9) 


where  Qheat-iP  is  the  heat  transfer  between  the  heat  pipe  and  heat 
exchanger,  S3  is  the  contact  area  between  wall  and  water  which  is 
20  cm2,  Twl  is  the  temperature  of  the  water  in  heat  exchanger. 

3.4.2.  The  heat  balance  between  the  heat  exchanger  and  envi¬ 
ronment  may  be  given  by: 

Qioss-ie  =  K4S4  Twl  (15) 

where  Qioss-ie  is  the  heat  transfer  between  the  heat  exchanger  and 
environment,  K4  is  the  heat  transfer  coefficient  of  insulation  mate¬ 
rial  which  is  0.03  W/km,  S4  is  the  area  of  heat  exchanger  which  is 
0.06  m2,  L4  is  the  thickness  of  insulation  which  is  1.5  cm. 

3.5.  The  storage  tank 

3.5.1.  The  heat  balance  of  the  storage  tank  is  calculated  by: 

Qtank  “  CpwMw2AT  (16) 

where  Qtank  is  the  heat  that  the  water  in  storage  tank  has  gained, 
Cpw  is  the  specific  heat  capacity  of  water  which  is  4200kJ/(kgk), 
Mw 2  stands  for  the  quality  of  water  in  storage  tank,  AT  denotes 
the  temperature  variation  of  water. 

3.5.2.  The  heat  balance  between  the  storage  tank  and  environ¬ 
ment  is  calculated  by: 

Q,o^e  =K*sJ™^r™  (17) 


where  Qheat-c P  is  the  heat  s  transfer  between  the  thermoelectric 
device  and  heat  pipes,  Tpipe  is  the  temperature  of  heat  pipe. 

R2  is  the  thermal  resistance  of  copper  with  a  groove,  given  by: 


(10) 


where  Qioss-te  is  the  heat  transfer  between  the  storage  tank  and  envi¬ 
ronment,  S5  is  the  area  of  storage  tank,  which  is  0.42  m2,  Tw2  is  the 
temperature  of  water  in  a  storage  tank. 

3.6.  The  circulation  line 


R3  is  the  thermal  resistance  of  wall  of  heat  pipe,  expressed  as: 


(11) 


where  L2  is  the  thickness  of  copper  which  is  3  mm,  L3  is  the  thick¬ 
ness  of  wall  of  heat  pipe  which  is  0.5  mm,  r  is  radius  of  heat  pipe 
which  is  4  mm,  d  is  the  width  of  copper  plate  which  is  4  cm,  l<2  is 
the  thermal  conductivity  of  copper  which  is  400  W/(m  K). 

R'12  is  the  contact  resistance  between  the  ceramic  and  copper, 
given  by: 


R'i2 


Kg 

An 


(12) 


The  heat  balance  between  the  circulation  line  and  environment 
may  be  given  by: 

(loss-ce  =  K4S6Tw2  uTmV  (18) 

where  QiOSs-ce  is  the  heat  which  is  transferred  between  the  circula¬ 
tion  line  and  environment,  and  S6  is  the  area  of  circulation  line, 
which  is  0.06  m2. 

3.7.  The  Circulating  pump 

The  power  of  the  circulating  pump  is  given  by: 


R23  is  the  contact  resistance  between  the  copper  and  heat  pipe, 
expressed  as: 


R'23 


Kb 

A23 


(13) 


Ppump  =  UpumpIpumpr,pump  (19) 

where  Ppump  is  the  power  of  fan,  Upump  is  the  voltage  of  circulating 
pump,  lpump  stands  for  the  current,  r\pUmP  is  the  efficiency  of  the 
pump,  which  is  0.65. 
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3.8.  Solar  cells 


4.  Experimental  set-up 


The  output  power  is  calculated  by  the  following  equation  [26]: 
Psolar  =  niJraiarGrll  -  0.0045(Tsotar  -  298.15)]  (20) 

where  Psoiar  is  the  power  the  PV  has  output,  rjT ^  is  the  module’s 
electrical  efficiency  at  the  reference  temperature  which  is  0.14,  Ssoiar 
is  the  area  of  solar  array  to  receive  solar  irradiation,  CT  is  the  solar 
radiation  flux  (irradiance)  on  module  plane,  Tsoiar  is  the  module 
operating  temperature. 

3.9.  Electrical  efficiency  of  the  system 


The  test  uses  two  thermoelectric  devices  which  are  connected 
to  solar  cell  in  parallel,  and  its  parameters  are  listed  in  the  table 
below  (1)  (see  Table  1): 

The  model  of  thermoelectric  device  used  in  the  test  is  127-03 
whose  rated  voltage  is  12  V  and  rated  current  is  3  A.  Three  ordinary 
gravity-type  heat  pipes  are  used  within  the  experiment.  The  radia¬ 
tor  and  fan  are  that  used  on  the  CPU  of  desktop  computer.  The  rated 
voltage  of  pumps  is  12  V  and  rated  current  is  2  A.  The  volume  of 
storage  tank  is  18.5  L.  The  experiment  set-up  is  shown  in  Figs.  4-7. 


_  nsUtIt 
~~P^a ~ 


(21) 


where  r\e  is  the  electrical  efficiency  of  the  solar  panel,  Ut  is  the  volt¬ 
age  of  the  thermoelectric  device,  lt  is  the  current. 


3.10.  Coefficient  of  performance  (COP)  of  the  thermoelectric  device 
C0P  =  UJt  (22) 


3.11.  The  thermal  efficiency  of  the  system 


(23) 


Where  rjt  is  the  thermal  efficiency  of  the  system,  (Lank  is  the  heat 
that  the  water  in  storage  tank  has  gained. 


3.12.  The  system 


5.  Measurement 

The  parameters  to  be  recorded  in  the  experiment  include  solar 
irradiance,  voltage  and  current  of  thermoelectric  device,  the  tem¬ 
perature  of  the  cold  side  and  hot  side  and  the  temperature  of  water 
in  storage  tank.  Some  pure  water  is  placed  (600  ml)  in  the  experi¬ 
mental  room  in  order  to  increase  heat  loss.  And  a  data  logger  which 
supplies  nine  channels  to  record  data  is  shown  in  Fig.  4,  with  the 
ability  to  measure  voltage  directly,  current  by  current  sensor  and 
temperature  by  thermal  couples.  Channel  A  records  the  current 
of  thermoelectric  device  by  using  current  sensor,  channel  B  is  left 
for  recording  the  voltage  directly,  channel  C  measures  the  temper¬ 
ature  of  hot  side  by  connecting  to  thermocouples,  channel  D  mea¬ 
sures  temperature  of  cold  side,  channel  E  is  left  for  the  temperature 
of  pure  water  in  experimental  room,  channel  F  is  used  to  record  the 
temperature  of  experimental  room,  channel  G  is  left  for  recording 
the  ambient  temperature,  channel  H  records  the  temperature  of 
water  in  storage  tank,  and  channel  1  is  used  to  measure  the  solar 
radiation  by  a  pyranometer. 


The  current  of  the  thermoelectric  device: 


The  temperature  change  of  experimental  room: 

dr,  m0c-1^t^km-Ker(Tew-m 

dr 

The  temperature  of  cold  side  of  thermoelectric  device: 


(24) 


(25) 


Tc 


=  Tr-  KecnsQ_c 


(26) 


The  temperature  of  hot  side  of  thermoelectric  device: 

Th  =  nsQhR,0,ai  +  Tw2  (27) 


The  temperature  change  of  water  in  storage  tank: 

dTw  =  t(nsQh  -  Qjoss) 
dx~  CpwMw2 


(28) 


where  Ker  is  the  thermal  conductivity  between  the  environment  and 
experimental  room,  Kec  is  the  thermal  conductivity  between  the 
cold  side  of  thermoelectric  device  and  experimental  room.  ns  is 
the  number  of  the  thermoelectric  devices,  t  means  the  interval  time 
of  data  collection,  nf  is  the  number  of  fans,  Mw2  stands  for  the  qual¬ 
ity  of  water  in  storage  tank,  Mw3  is  the  quality  of  water  in  experi¬ 
mental  room,  Cpair  is  the  heat  capacity  of  air,  which  is  1.01  kj/ 
(kg  k),  Mair  is  the  quality  of  air  in  experimental  room,  Rtotai  repre¬ 
sents  the  total  thermal  resistance  between  the  hot  side  of  thermo¬ 
electric  device  and  storage  tank,  (Loss  indicates  the  total  heat  loss  of 
storage  tank,  heat  exchanger  and  circulation  line.  And  the  simula¬ 
tion  flow  chart  of  this  system  is  shown  in  Fig.  3. 


6.  Results  and  analysis 

The  Fig.  8  shows  the  variations  of  output  power  and  solar  irra¬ 
diance  in  a  sunny  day.  Since  not  using  the  controller,  the  output 
power  and  solar  irradiance  have  the  same  trend  in  a  parabolic 
shape.  And  after  the  calculation,  the  electrical  efficiency  of  the  sys¬ 
tem  is  10.27%. 

As  shown  in  Fig.  9,  with  the  solar  irradiance  increasing  and 
decreasing,  the  temperature  of  hot  side  rises  at  first  and  then  de¬ 
clines.  It  is  because  that  the  temperature  of  the  hot  side  is  related 
to  the  amount  of  released  heat.  When  irradiation  intensity  in¬ 
creases  in  the  morning,  the  output  power  goes  up,  causing  heat  re¬ 
lease  of  the  hot  side  to  increase  and  the  temperature  to  rise.  When 
irradiation  intensity  appears  weak  in  the  afternoon,  the  output 
power  reduces,  leading  to  the  reduction  of  heat  release  at  the  hot 
side  and  temperature  falling  down. 

The  temperature  of  experimental  room  falls  to  the  lowest  17  °C 
at  first  and  then  rises  gradually.  It  can  be  explained  in  the  following 
reasons:  on  the  one  hand,  with  temperature  gap  between  the  envi¬ 
ronment  and  experimental  room  increasing,  the  heat  transferred 
between  them  raises,  on  the  other  hand,  as  the  temperature  of 
hot  side  increasing,  the  differences  in  temperature  between  the 
cold  and  hot  side  increases,  which  leads  the  heat  transported  from 
the  hot  side  to  increase  (shown  in  Fig.  9).  In  the  meanwhile, 
although  the  voltage  and  current  of  thermoelectric  device  are 
increasing,  the  heat  absorption  of  the  cold  side  is  not  enough  to 
keep  the  temperature  dropping,  resulting  in  the  slow  ascent  of  it. 

And  as  it  is  shown  in  the  Fig.  10,  with  the  heat  absorption 
decreasing  slowly,  the  COP  falls  to  about  0.45  and  then  rises  grad¬ 
ually.  The  reason  is  that  while  CL  has  hardly  changed,  the  power 
supplied  by  solar  cells  is  changing  in  a  parabolic  shape.  Flence 
COP  behaves  in  accord  with  it. 
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Fig.  3.  The  simulation  flow  chart. 


Table  1 

The  parameters  of  the  solar  cell  thermoelectric  chip  and  heat  pipe. 


Solar  panel  Thermoelectric  device 

Heat  pipe 

Area  0.5  m2  Z  2.8-3.0  x  10  3 

Length 

0.35  m 

a  2.1  x  103  (V/K) 

0.008  m 

K  160-180(W/km) 

The  thickness  of  wal 

1  5  x  10-4m 

a  1.0xl05(l/nm) 

y  14.13 

As  is  reflected  in  Fig.  11 ,  the  temperature  of  water  in  the  storage 
tank  goes  up  slowly,  from  23  °C  to  32  °C,  and  the  growth  rate  is  re¬ 
lated  to  hot  side  temperature.  When  Th  increases  rapidly,  Tw  rises 
fast,  and  when  Th  deceases,  Tw  rises  smoothly. 


7.  Simulation 

As  is  shown  in  Figs.  12  and  13,  with  the  irradiation  intensity 
becoming  stronger,  the  output  voltage  and  current  of  system  in¬ 
crease  fast.  And  the  temperature  of  experimental  room  and  the 
cold  side  of  thermoelectric  generator  begins  to  drop,  reaching  their 
lowest  point  at  10:30.  Then,  with  the  difference  of  temperature  be¬ 
tween  cold  side  and  hot  side  of  thermoelectric  generator  amplify¬ 
ing,  the  refrigeration  ability  of  the  thermoelectric  devices  could  not 
keep  the  temperature  dropping,  causing  the  temperature  of  cold 
side  to  increase  slowly.  And  what  we  can  see  from  the  Figs.  12 
and  13  is  that  simulation  results  fit  experimental  data  very  well, 
revealing  a  maximum  deviation  of  0.5  °C  in  Fig.  12  and  the  average 
deviation  1.2  °C  in  Fig.  13. 
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Fig.  6.  Solar  cell  of  the  system  test  rig. 


As  depicted  in  Fig.  14,  with  the  irradiation  intensity  becoming 
stronger,  the  heat  released  by  the  hot  side  of  thermoelectric  gener¬ 
ator  becomes  more,  leading  to  hot  side  temperature  to  increase 
and  finally  reach  its  top  point  at  13:00.  When  irradiation  intensity 
drops,  the  voltage  and  current  which  the  system  has  output 


Fig.  8.  Variations  of  output  power  and  solar  irradiance  in  a  sunny  day. 

decrease  slowly,  causing  the  heat  release  of  the  hot  side  to  be  cut¬ 
ting  down.  In  addition,  what  we  can  see  from  the  Fig.  14  is  that 
simulation  results  and  experimental  data  are  almost  the  same  in 
the  morning,  but  deviates  since  noon.  Maximum  temperature  dif¬ 
ference  occurs  in  the  afternoon  with  the  value  about  2  °C. 
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Fig.  9.  Variations  of  Th,  Tr  and  ambient  temperature  Tem,  in  a  sunny  day. 


Fig.  12.  The  temperature  of  experimental  room. 


Secondly,  as  is  shown  in  Fig.  15,  simulation  results  and  experi¬ 
mental  data  of  temperature  in  the  storage  tank  varies  similarly 
with  that  of  Fig.  14.  It  is  because  that  the  temperature  of  water  is 
related  to  the  temperature  of  hot  side.  The  temperature  difference 
increases  slowly  and  reaches  its  maximum  2  °C  in  the  afternoon. 


Fig.  14.  The  temperature  of  hot  side. 

And  the  thermal  efficiency  of  this  experiment  is  12.06%  based  on 
Eq.  (23)  (see  Table  2). 

The  average  heat  absorption  and  heat  release  of  thermoelectric 
device  of  the  system  during  the  test. 
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